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EmissionAbstract The Pongamia and waste cooking oils are the main non edible oils for biodiesel produc-
tion in India. The aim of the present work is to evaluate the fuel properties and investigate the
impact on engine performance using Pongamia and waste cooking biodiesel and their ternary blend
with diesel. The investigation of the fuel properties shows that Pongamia biodiesel and waste cook-
ing biodiesel have poor cold flow property. This will lead to starting problem in the engine opera-
tion. To overcome this problem the ternary blends of diesel, waste cooking biodiesel and Pongamia
biodiesel are prepared. The cloud and pour point for ternary blend, (WCB20:PB20:D60) were found
to be 7 C and 6.5 C which are comparable to cloud and pour point of diesel 6 C and 5 C, respec-
tively. The result of the test showed that brake specific fuel consumption for Pongamia biodiesel
and waste cooking biodiesel is higher than ternary blend, (WCB20:PB20:D60) due to their lower
energy content. The brake thermal efficiency of ternary blend and diesel is comparable while the
Pongamia and waste cooking biodiesel have low efficiency. The result of investigation showed that
ternary blend can be developed as alternate fuel.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Biodiesel is an alternative diesel fuel consisting of the alkyl
monoesters of fatty acids derived from vegetable oils or animal
fats and non-edible oil. The recent research shows that biodie-
sel is renewable in nature, and it also reduces the emission of
harmful gases. The vegetable oil can be used as a source for
biodiesel production. Numerous non edible oils like Jatropha,Pongamia, Mahua, Neem and waste vegetable oil (WVO) have
been examined including soybean oil, sunflower oil, cotton
seed oil, rapeseed oil, in addition to waste (used or fryer) veg-
etable oil. The vegetable oils can be safely burned for short
periods of time in a diesel engine. However, using raw veg-
etable oil in a diesel engine for extended periods of time may
result in severe engine deposits, piston ring sticking, injector
coking, and thickening of the lubricating oil [1–3]. The high
viscosity of raw oil reduces fuel atomization and increases fuel
spray penetration. Higher spray penetration is thought to be
partly responsible for the difficulties experienced with engine
deposits and thickening of the lubricating oil. However, these
effects can be reduced or eliminated through transesterification
256 P. Kumar et al.of the oil to form biodiesel [4–7]. Many researchers reported
that the biodiesel even surpassed the petroleum based diesel
in several aspects of engine operation including brake thermal
efficiency (BTE) and exhaust emissions [8–11].
Experiments on the diesel engine are performed and it was
found out that by using various blends of biodiesel from Pon-
gamia and WCB, brake specific fuel consumption (BSFC) is
increased. The finding indicates that there is an increase in
the BSFC when using biodiesel as compared to diesel for the
same power output. This is because the heating value of bio-
diesel is less as compared to diesel [12–18]. It was found that
there is no significant change in the thermal efficiency while
using Pongamia biodiesel (PB) up to PB20 but there is a slight
decrease in thermal efficiency when PB100 was used which is
due to the lower energy content of biodiesel. Pongamia biodie-
sel emits lower gaseous emission than diesel fuel while expected
NOx increases to 2% with PB20 and 10% with PB100 [19]. Dwi-
vedi et al. [20] reported that PB scores very well as an alternate
fuel of choice as it helps in decreasing dependency on fossil
fuels and also as it has almost no sulfur. Higher cetane of
PB as compared to petro diesel implies its much improved
combustion profile in an internal combustion engine. The pol-
lutant components from exhaust are also decreased by using
PB.
Suresh kumar et al. [21] reported that the blends of PB with
diesel up to 40% by volume (PB40) could replace the diesel for
diesel engine applications for getting less emissions and better
performance and will thus help in achieving energy economy,
environmental protection and rural economic development.
The investigation shows that BSFC for PB20 and PB40 is equal
to or less than diesel. BSEC is less than diesel. CO and HC
emission reduced in case of all blends of PB as compared to
diesel while CO2 and NOx emission are increased for all blends
of PB as compared to diesel. Baiju et al. [22] investigated the
impact of PB and its blends on diesel engine and found out
that PB20 has lowest BSFC. NOx emission is higher by 10–
25% for PB. CO, HC and Smoke emissions are reduced using
PB. Engine Performance is similar in case of PB and diesel.
Chauhan et al. [23] and Sahoo et al. [24] found out that BTE
of diesel is higher as compared to biodiesel by 3–5%. CO2
and NOx emissions are lower in case of diesel. CO and
Unburnt hydrocarbon emissions are lower in case of PB.
Raheman and Phadatare [25] state that PB and its blends
reduce CO emission by 73–94% in case of PB. Smoke emission
is reduced by 20–80%. NOx emission is reduced by 26%. For
PB20 and PB40 BSFC is reduced by 0.8–7.4%. For PB60 and
PB100 BSFC is increased by 11–48%. PB20 and PB40 have
higher BTE than diesel while PB60 and PB100 have lower
BTE than diesel. These characteristics of biodiesel reduce the
noxious emissions in the exhaust gas compared to petro-
diesel; carbon monoxide (CO) by 46.7%, unburned hydrocar-
bons (UHC) by 45.2% and particulate matter (PM) by 66.7%
while, NOx emissions have been reported to increase due to the
high oxygen content of biodiesel [26]. The brake thermal effi-
ciency of PB with different compositions at 5%, 10%, 20%,
30% and 100% with diesel was about 3–5% lower with PB
and its blends with respect to diesel. Unburnt hydrocarbon,
CO, CO2 and Smoke were lower with PB fuel. However,
NOx emissions of Pongamia biodiesel and its blends were
higher than diesel [23]. Xiangmei et al. [27] used WCO for bio-diesel production and investigated the engine performance
without any modification to diesel engine, the WCB20 signifi-
cantly reduces CO, HC and particles emission by 18.6%,
26.7% and 20.58%, respectively. Murat [28] used turbocharger
to evaluate the performance of diesel engine and the result
showed that the BTE of WCB was slightly higher than that
of diesel fuel in both naturally aspirated and turbocharged
conditions, while WCB yielded slightly lower brake power
and torque along with higher fuel consumption values. It
was also observed that emissions of CO in the operations with
WCB were lower than those in the operations with diesel fuel,
whereas NOx emission in WCB operation was higher. This
study reveals that the use of WCB improves the performance
parameters and decreases CO emissions of the turbocharged
engine compared to diesel fuel. Jain et al. [29] used WCB to
evaluate the performance of diesel engine biodiesel up to
WCB100 and it is found that brake specific fuel consumption
for WCB100 (411 g/kWh) is about 17.8% higher than diesel
(349 g/kWh) at full load while the brake thermal efficiency of
waste fried oil methyl ester (24.2%) is almost similar to diesel
(24.5%) at full load without any modification in the engine
design. The results from the review suggest that PB and
WCB could be a potential fuel for diesel engine and play a vital
role in the near future. But the main problem associated with it
is its poor cold flow property. The poor CFP of PB and WCB
leads to crystallization of fuel particles and it leads to starting
problem in engine during cold climatic condition. It is due to
high CP and PP of PB and WCB. To overcome this problem
various methods have been suggested by the researchers which
include blending of biodiesel. The objective of this work is to
investigate the cold flow behavior of PB, WCB and their tern-
ary blends with diesel. The paper also describes the impact of
these fuels on engine performance and emission.2. Measurement methodology
The PB and WCB samples were analyzed for (methyl esters)
ME formation at a predetermined interval of time by Gas
Chromatograph (metal make) equipped with a flame ioniza-
tion detector and a capillary column for injecting the sample
[30]. The GC oven was kept at 230 C (5 C/min). Nitrogen
was used as carrier gas. Quantitative analysis of % ME was
done using European standard EN 14,103:2003 (DIN EN,
1410). The % ME yield was calculated using Eq. (1).
% of ME ¼
P
A AEI
AEI
 CEI  VEI
m
 100 ð1Þ
P
A= total peak area from the methyl ester in C14 to that
in C24:1;
AEI = peak area corresponding to methyl heptadecanoate;
CEI = concentration of the methyl heptadecanoate solu-
tion (mg/ml);
VEI = volume of the methyl heptadecanoate solution (ml);
m=mass of the sample (mg).
For the purpose of error analysis, 3 tests were conducted
for single sample and then the average of the 3 readings was
taken for further investigation purpose.
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Digital rotational viscosity meter (Model-Brookfield) was used
for the measurement of viscosity. A rotational speed was pre-
set and the flow resistance of the sample was measured, i.e., the
torque maintaining the set speed was proportional to the vis-
cosity. The viscosity, shear stress and the shear rate were cal-
culated from the torque required, the set speed and the
geometry factors of the applied sensor.
2.2. Fatty acid calculation
The FFA content of oils was calculated by using ASTM
D5555-95. Eq. (2) is used in the determination of FFA content
of oil.
% free fatty acids ¼ ðmL of alkaliN 28:2Þ=
ðWeight of oil sampleÞ ð2ÞTable 1 Properties of Pongamia oil and waste cooking oil.
S. No. Properties Pongamia
oil
Waste cooking
oil
1 Net calorific value
(MJ/kg)
29.90 32.47
2 Flash point (C) 206 236
3 Viscosity (cSt, @25 C) 49 47
4 FFA (%) 0.7 0.9
5 Density (kg/m3 @25 C) 939 935
6 Cloud point (C) 22 16
7 Pour point (C) 20.5 14.82.3. Density
Density is a measure of the compactness of matter within a
substance and is defined by Eq. (3).
Density ¼Mass=Volume ð3Þ
The standard metric units in use for mass and volume
respectively are grams and milliliters or cubic centimeters.
Thus, density has the unit grams/milliliter (g/ml) or grams/
cubic centimeters (g/cc) or kg/m3. For the purpose of experi-
mentation, a digital balance was used for mass measurement
and a 50 ml graduated cylinder was used for volume measure-
ment of liquid. 50 ml of liquid was added to weighed 50 ml
graduated cylinder. The density of the liquid was calculated
according to Eq. (3).
2.4. Cloud point and pour point
At low temperatures, higher-melting point (MP) components
in the fuel, nucleate and grow to form solid crystals. The tem-
perature where the crystals become visible and form a hazy or
cloudy suspension is defined as the cloud point (CP). The CP
of biodiesel is generally higher than that of petro diesel. Pro-
longed exposure of the fuel to temperatures at or below CP
causes crystals to grow and form interlocking networks. Pour
point (PP) of the fuel is defined as the lowest temperature
where the fuel flows or can be pumped. Both CP and PP
should be closely monitored by the user to ensure trouble-
free operation in cold climatic condition. CP and PP were mea-
sured according to ASTMD-6751 test methods ASTMD2500,
D97, respectively using the cloud and pour point apparatus.
The sample was cooled in a glass tube under prescribed condi-
tions and inspected at intervals of 1 C until a cloud or haze
appeared. This temperature was recorded as CP. In determina-
tion of PP, sample was cooled in a glass tube under prescribed
conditions and inspected at intervals of 3 C until it no longer
moved when the place of surface was held vertical for 65 s; the
PP was then taken as 3 C above the temperature of cessation
of flow. Data for all analytical measurements are means of
triplicate. Subsequent analysis showed no statically significant
difference among the measurements.3. Methodology for biodiesel production
Waste cooking oil (WCO) and Pongamia oil (PO) collected
were filtered to remove all insoluble impurities from the oil fol-
lowed by heating at 100 C for 10 min to remove all the mois-
ture. The fuel properties of PO and WCO after refining were
determined as per standard methods reported in Table 1.
Table 1 shows (Free fatty acid) FFA contents of the PO and
WCO as 0.7% and 0.9%, respectively. Owing to low FFA con-
tent base catalyzed transesterification processes were adopted.
The low FFA for WCO is that it is used once for the cooking
purpose. The biodiesel yield of 97.05% is obtained by using
waste cooking oil, methanol (5% v/v) and KOH (1% w/w of
oil) at 50 C and mixture stirred at 50 C for 2 h. Pongamia
biodiesel yield of 98.4% was achieved with methanol/oil molar
ratio (11.06:1) using KOH as catalyst (1.43% w/w) in duration
of 81.43 min at the temperature of 56.6 C.
Table 2 shows the variation of fatty acid for PB and WCB.
The % saturated fatty acids are low in case of WCB as com-
pared to PB. Due to high % saturated fatty acid in the PB it
leads to poor cold flow property which will lead to starting
problem in the engine operation.
4. Biodiesel and fuel properties
The measurement of fuel properties of PB, WCB, ternary
blends of WCB:PB:D and diesel are shown in Table 3.
The calorific values of all the biodiesel and their blends are
lower than that of diesel because of their oxygen content. The
presence of oxygen in the biodiesel helps for complete combus-
tion of fuel in the engine. The high viscosity of pure biodiesel
makes it unsuitable to be used directly as fuel for engine oper-
ation, therefore it is to be blended with some other biodiesel
with low viscosity or preparation of ternary blend can be done
with diesel to improve the fuel property.
Fig. 1 shows that ternary biodiesel blend of (WCB10:PB10:
D80) has cloud point and pour point of 6.5 C and 6 C,
respectively which are comparable to cloud and pour point
of diesel 6 C and 5 C, respectively which make it best suited
for diesel engine as it can be operated in cold weather condi-
tions. As the concentration percentage of biodiesel increases,
the cloud point and pour point also increase which will make
difficult for fuel to flow in engine, ultimately resulting in chok-
ing of engine and incomplete combustion of fuel. The amount
of various fatty acids present in biodiesel, results in gum for-
mation and crystallization of fuel causing fuel to cease. The
Table 2 Fatty acid composition of PB and WCB.
S. No. Fatty acid Structure % composition (PB) % composition (WCB)
1 Palmitic acid (P) C(16:0) 13.8 11.2
2 Stearic acid (S) C(18:0) 6.1 3.2
3 Oleic acid (O) C(18:1) 65.3 44.5
4 Linoleic acid (L) C(18:2) 11.6 41.0
5 Linolenic acid (LL) C(18:3) 3.2 0.1
Saturated fatty acid 19.9 14.4
Unsaturated fatty acid 80.1 85.6
Figure 2 Schematic of experimental setup.
Figure 1 Variation of cloud point and pour point for Pongamia
biodiesel blend, waste cooking biodiesel blend and ternary blend
of WCB, PB and diesel.
Table 3 Fuel properties of biodiesel and its blends.
Properties PB100 WCB100 WCB:PB:D
(10:10:80)
WCB:PB:D
(20:20:60)
WCB:PB:D
(30:30:40)
Diesel
Density (kg/m3) 875 900 861 880 889 758
Viscosity (cSt @25 C) 19.7 6.2 4 4.5 5.1 3.5
Flash point (C) 182 202 85 114 132 70
Calorific value (MJ/kg) 29.9 38.23 38.2 33.3 32.36 45.51
258 P. Kumar et al.reason for good flow properties of diesel is due to absence of
any fatty acid in the diesel.
5. Experimental setup for engine test
The blend of biodiesel is tested on engine to check the perfor-
mance of engine. The experimental setup of engine is given in
Fig. 2.
Table 4 shows the specification of diesel engine. There is no
engine modification when PB and WCB and ternary blends are
tested on it.
5.1. Methodology for performance testing
The engine was directly coupled to alternator and loaded by
electrical resistance. The separate fuel measurement unit wasconnected with engine. A resistive load panel was attached
with the output of the generator. The engine-generator set
was run initially using diesel for 10 min each for 25%, 50%,
75% and 100% load. The fuel consumption was measured
by using stopwatch. At the same time the readings of volt-
meter, current meter and energy meter were also noted down.
Different blends of PB, WCB with diesel were prepared. The
filter of diesel engine was opened and complete mixture of bio-
diesel and diesel was drained so that it could not mix with the
next blend. The experiment was repeated for each blend to
enhance the accuracy of the blend.6. Result and discussion
The load test results were processed to compare the BSFC of
all the biodiesels considered in the study. Fig. 3 shows the vari-
ation of BSFC of PB100, WCB100, WCB10:PB10:D80, WCB20:
PB20:D60 and WCB30:PB30:D40 with load.
Table 4 Technical specification of diesel engine.
Parameters Details
Make and model Kirloskar, AA35
Type of engine Vertical, 4-stroke, single acting high speed
compression ignition diesel engine
Rating
@1500 rpm
2.6 kW (3.5 bhp)
Base 30 mm
Stroke 76 mm
Compression
ratio
15.6:1
BMEP
@1500 rpm
5.5 kg/mm2
Rated speed 1500 rpm
Nozzle opening
pressure
190–210 kg/cm2
Fuel oil tank
capacity
3.75 L
Impact of ternary blends of biodiesel 259It’s evident from Fig. 3 that BSFC of PB100 is highest at all
loads from other biodiesels while WCB100 has much lower
BSFC than that of PB100. When the load is 25%, BSFC of
PB100 is 10.8% higher than that of WCB100 but at 50% loading
the BSFC gap between PB100 and WCB100 gets wider with
PB100 BSFC being 46.8% higher. The BSFC of WCB100 is
higher than ternary blend of WCB20:PB20:D60. At 25% load-Figure 4 Comparison of BTE (%
Figure 3 Comparison of BSFC (g/kWing BSFC of WCB10:PB10:D80 is 24% higher than that of die-
sel. The BSFC of WCB10:PB10:D80 is comparable to diesel at
all loading conditions. The result of BSFC for PB100 and
WCB100 is in agreement with previous work done by various
researchers [21–29].
As per the test results shown in Fig. 4 BTE of WCB100
remains higher than PB100. At 25% load the BTE of WCB10:
PB10:D80 12.63% is almost equal to the BTE of diesel 12%.
The BTE of PB100 and WCB100 are lower than ternary blend
and diesel in all loading conditions. The engine performance
results show that ternary blend performance is comparable
to that of diesel.
7. Exhaust gas emissions
The exhaust emission was measured by an AVL gas analyzer
and a smoke-meter. The sensor of the analyzer was exposed
to the engine exhaust and the observations were recorded.
The results are shown in figure for the CO, HC and NOx emis-
sion respectively.
The CO and HC emissions are drastically reduced by
increasing the percentage of biodiesel as shown in Figs. 5
and 6, respectively. HC and CO emission is due to incomplete
combustion and depends on many parameters such as engine
air/fuel ratio, and temperature. The reduction in HC and CO
emission value during biodiesel usage can be explained by) of biodiesels and their blends.
h) of biodiesels and their blends.
Figure 5 CO emission for various biodiesels and their blends.
Figure 7 NOx emission for various biodiesels and their blends.
Figure 6 HC emission for various biodiesels and their blends.
260 P. Kumar et al.the enrichment of oxygen owing to the biodiesel addition, in
which an increase in the proportion of oxygen promotes fur-
ther oxidation of CO and HC during the engine exhaust. This
trend shows agreement with results of many investigations
about biodiesel emissions [6,7,11,19,31].
NOx emissions for the case of PB100 were highest among
the entire biodiesel blend as shown in Fig. 7. These higher
NOx emissions indicate that biodiesel shows higher nitric
oxide emission as compared to standard diesel. The extra oxy-
gen content of biodiesel can be a factor for the NOx formation
because extra oxygen content causes increase in local temper-
atures. NOx formation is highly affected by the end combus-
tion temperature in the combustion chamber. Most of
researchers also reported increment in oxides of nitrogen with
biodiesel usage [6,7,11,19,31].
8. Findings
The result of investigation of PB100, WCB100, diesel and their
ternary blends reveals that:
(1) High viscosity and lower calorific value of PB100 and
WCB100 as compared to diesel are main obstacles in
the development of these biodiesels as an alternative fuel
to diesel.
(2) Poor cloud and pour point make it difficult to use PB100
and WCB100 to be used as fuel in cold climatic
condition.
(3) The cold flow properties of ternary blend WCB10:PB10:
D80 are comparable to diesel and make it suitable to
be used as fuel in cold climatic condition.(4) The BSFC and BTE of ternary blend are higher at 25%
loading comparable to diesel and it is much better as
compared to PB100 and WCB100.
(5) The HC and CO emissions are lower in case of all blends
of biodiesel as compared to diesel while NOx emission is
lower in case of diesel.
9. Conclusions
The experiment investigation shows that biodiesel from Ponga-
mia and waste cooking oil can be developed as alternate fuel
for future. The fuel properties like density, viscosity and calori-
fic value of ternary blend of PB and WCB and diesel are more
or less comparable to diesel. The cloud point and pour point of
various biodiesel blends are higher than those of diesel. As the
percentage increases in biodiesel concentration, it will further
result in an increase in cloud and pour point of biodiesel due
to the presence of various fatty acids in it. The ternary biodie-
sel blends of (WCB10:PB10:D80) have cloud point and pour
point of 6.5 C and 6 C, respectively which are comparable
to cloud and pour point of diesel 6 C and 5 C, respectively.
The engine testing result shows that at higher loads the BSFC
of WCB10:PB10:D80 is higher than that of diesel but at 25%
loading it is comparable to diesel. The BTE of ternary blend
is nearly same as that of diesel at 25% loading with 12%
and 12.63%, respectively. The HC and CO emissions are also
lower in case of biodiesel and its blends while NOx emission is
lower for diesel. The investigation shows the ternary blend has
improved engine performance to a greater extent as compara-
ble to that of diesel.Acknowledgment
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